Abstract-Here, we report on the development and evaluation of novel unobstructing magnetic microactuators for maintaining the patency of implantable ventricular catheters used in hydrocephalus application. The treatment of hydrocephalus requires chronic implantation of a shunt system to divert excess cerebrospinal fluid from the brain. These shunt systems suffer from a high failure rate (>40%) within the first year of implantation, often due to biological accumulation. Previously, we have shown that magnetic microactuators can be used to remove biological blockage. The new cantilever-based magnetic microactuator presented in this paper improves upon the previous torsional design using a bimorph to induce a postrelease out-of-plane deflection that will prevent the device from occluding the pore at rest. The mechanical evaluations (i.e., postrelease deflection, static and dynamic responses) of fabricated devices are reported and compared with theoretical values.
cephalus from subarachnoid hemorrhage, head trauma, infection, tumor, or other surgical complication. Neonatal pediatric patients typically demonstrate abnormally large head circumferences because the unfused cranial sutures of newborns allow the head to expand with increased intracranial pressure (ICP) of the underlying ventricular system (Figure 1a ). In older children and adults, patients suffer from debilitating problems such as vomiting, nausea, papilledema, blurred or double vision, sunsetting of the eyes, problems with slow growth, balance, poor coordination, gait disturbance, urinary incontinence, lethargy, drowsiness, irritability, memory loss, and changes in personality.
Patients are typically diagnosed with neurological evaluations and via advanced neurological imaging techniques such as ultrasound, computed tomography, magnetic resonance imaging (MRI), and pressure-monitoring devices. Hydrocephalus has surprisingly high rate of occurrence. The National Institute of Health estimates that one in every 500 newborns in the US is diagnosed with hydrocephalus [1] . Unfortunately, there is no cure for hydrocephalus. The treatment of choice for hydrocephalus is the management of ICP using a chronically implanted shunt system. This system of catheters-a valve and tubings-diverts the flow of CSF from the ventricles to other part of the body to be metabolized (Figure 1b) .
Malfunctioning shunt systems often result in neurological surgeries to revise or to replace the implanted devices, which are potentially dangerous and costly. Approximately 28,000 shunt-related procedures are performed annually and the associated annual medical cost for treating hydrocephalus exceed $1 billion [2] . Clinical studies have revealed that up to 40% of shunts fail within the first year of implantation [3] [4] [5] and approximately 85% of patients with shunts undergo more than two shunt-revision surgeries within 10 years of initial implantation [6] , [7] . This has catapulted shunt placement and revision surgeries as the most common operations in most neurological centers and as the most common surgeries at the pediatric centers around the country [8] .
B. MEMS for Hydrocephalus
Since the 1980's, the field of Micro-Electro-Mechanical Systems (MEMS) has enjoyed a tremendous amount of interest from both academia and industry as the next frontier of technological advancement. There now exist various implantable microscale sensors and transducers for biomedical applications. Recently, several groups have begun to apply MEMS technology to improve hydrocephalus treatment as well.
In 2004, a MEMS CSF shunt system, which includes a wireless pressure sensor, an electromagnetic micropump, and a microcontroller, was proposed and fabricated [9] . Using a phase shift in the impedance of the LC resonant circuit, the change in CSF pressure was measured while the micropump was programmed to function above a certain pressure threshold to drain excess CSF. Other groups have also proposed a similar closed-loop microscale pressure sensors and micropump systems [10] ; however, only proof-of-concept were explored thus far without in vitro or in vivo evaluations.
More recently, a unique system of microfabricated implantable devices was proposed for the treatment of hydrocephalus. Emam and colleagues have fabricated a microfabricated arachnoid villi (MAV), which comprised of microneedles and microvalve arrays [11] . The microneedles were designed to penetrate into the subarachnoid space and drain excess CSF using a uni-directional Parylene-based microvalve that operate using differential pressure changes. Although MAV is another great example of MEMS-device for hydrocephalus therapy, its potential application may be limited because CSF accumulation in subarachnoid space is usually found in external or ex vacuo hydrocephalus, which is not as common as the other types of hydrocephalus (i.e., non-communicating or congenital).
C. Magnetic Microactuators for Ventricular Catheters
Evaluation of explanted devices and clinical studies have suggested that one of the leading causes of shunt failure is due to the obstruction of pores in the ventricular catheter from progressive biological accumulation [8] , [12] , [13] . Researchers have investigated methods to restore the patency of ventricular catheters using various techniques such as electrocautery [14] , laser [15] , or ultrasound [16] . However, these recanalization techniques still require invasive surgical intervention to access the occluded catheter. As such, there still exists a great demand for a non-invasive, self-clearing shunt system that requires no additional surgical intervention.
To address this critically unmet need for a ventricular catheter with self-clearing capabilities, we have previously proposed to integrate magnetic microactuators to remove accumulated biological debris. The magnetic microactuators are ideally suited for chronically implanted medical application because they requires no integrated circuits or implanted power supplies, and they can be controlled non-invasively using externally applied magnetic fields [17] . In our previous reports, we have demonstrated torsional magnetic microactuators with large out-of-plane actuation that can remove accumulated inflammatory cells [18] . To alleviate potential concerns of MRI issues of using implantable magnetic microactuators, we have recently reported the mechanical robustness of these devices in severe MRI conditions [19] . The MEMS-fabricated magnetic microactuators were demonstrated to withstand strong static (7 T) and time-varying magnetic field gradients (17 T/m) without mechanical failures.
However, our initial designs of torsional microactuators maintained a horizontal rest position, which occluded much of the catheter pore while in this state ( Figure 2 and 3a-b [18] ). In this report, we present the fabrication results of novel cantilever-based magnetic microactuators designed to stay clear of the catheter pore while at rest. The overall goal of this effort is to improve the hydrocephalus therapy with the new unobstructing magnetic microactuators by alleviating potential flow-obstruction issue and prolonging the time-toocclusion for the chronically implanted shunt system.
II. DESIGN

A. Stress-Induced Beam Deflection
The original torsion-beam-based microactuators provided several key advantages: stable movement, well-established mechanical response, and easy cellular coverage for in vitro testing. However, the horizontal rest position of torsional device is an undesirable clinical feature as it occludes a large portion of the pore while inactive. The new design needed to have a large post-release out-of-plane deflection to stay clear of the catheter pore at rest. One of the common issues of MEMS-fabrication is the curling or bucking of bimorphs due to intrinsic stress-mismatch. The curling of structures is often undesirable and is ameliorated by relieving intrinsic stresses between layers. However, we sought to use the mechanics of bimorphs to engineer a specific post-release deflection by controlling the thicknesses and the amount of stresses in the bimorph layers. With this simple approach, we redesigned the magnetic microactuators to have a cantilever-based actuation to achieve a specific post-release deflection ( Figure 4) .
A layer of plasma-enhanced chemical vapor deposition (PECVD) silicon nitride was chosen as the stress-inducing film for its high-intrinsic stress (∼1 GPa) and for its physical robustness. The thickness of the stress-inducing layer was calculated using the well-established Stoney's equation [20] 
with the curvature of the composite K , the film stress σ f , the biaxial modulus of the substrate E s , and the film and substrate thicknesses t s and t f . A well described limitation of the approximation using Stoney's equation is that the thickness ratio δ between the coating and the substrate needs to be approximately 10% or less [21] . In cases where δ > 0.1, the following equation may be used to describe the curvature of a bilayer [21] , [22] The angular deflection of a 600-μm-long, 1-μm-thick LPCVD silicon nitride beam as a function of thickness of a PECVD silicon nitride layer deposited on top. Note that approximately -60°can be achieved with a PECVD silicon nitride layer of 100 nm.
where
with the biaxial modulus of the film E f , the thickness of the film t f , and the strain differential . The correction factor for the neutral axis π can be expressed as
The elastic moduli for the low-pressure chemical vapor deposition (LPCVD) and the PECVD silicon nitride that form the bimorph were obtained from the literature [23] [24] [25] . The parameters used for the bimorph-bending simulations are listed in Table I . Figure 5 illustrates the relationship between angular deflection and the silicon-nitride thickness for a 600-μm-long, 1-μm-thick cantilever beam made of LPCVD silicon nitride. An angular deflection of approximately -60°was chosen as the target value. As such, the fabrication process included the deposition and the patterning of a 100-nm-thick PECVD layer ( Figure 5 ).
The beam-bending due to the stress-mismatch was also simulated using a 3D COMSOL Multiphysics (V3.5, COMSOL, Inc., Burlington, MA, USA) structural-mechanics model. The cross-section plot of the deflection along the beam length was used to approximate the curvature and the maximum angular deflection (-57.5°), which corresponded closely with the analytical approximation. Figure 6 illustrates the top and cross-sectional views of the fabrication process for cantilever-based unobstructing magnetic microactuators. A detailed description of the fabrication process for the torsional magnetic microactuators has previously been documented [18] . The fabrication process for the new cantilever-based microactuator design incorporated additional steps to deposit and pattern the stress-inducing top nitride layer [26] . The actuation sequence of a fabricated device with the maximum magnet volume can be seen in Figure 7 .
III. FABRICATION PROCESS
IV. CHARACTERIZATION METHODS
The vertical deflection z of the released microactuators was measured using an optical microscope. Similarly, the static responses of the magnetic microactuators were recorded in the optical microscope using an increasing magnetic field strength. The ac and dc magnetic field strength from the electromagnet was verified by measuring the field using a gaussmeter (6010 FW Bell, Sypris Test and Measurement, Louisville, KY, USA).
The dc response of magnetic field from the electromagnet and its magnetic field were linear (H = 10300±20 A/m/A) and its frequency response was flat until rolling off at up to 2 kHz (f low−pass (3 d B) = 2.42 kHz). With the electromagnet, the resonant frequencies of the microactuators were characterized using a dual-beam laser Doppler vibrometer system (Polytec Inc. OFV-552, OFV-5000, Irvine, CA, USA) and a custom LabVIEW signal generation/acquisition software (LabVIEW 2008, National Instruments, Austin TX, USA,).
V. RESULTS
A. Post-Release Deflection
The intrinsic stress of the PECVD silicon-nitride layer was measured to be -992 MPa (Tencor FLX-2320, Milpitas, California, USA). To facilitate comparison, the resulting curvature due to strain-mismatch was converted into a downward vertical displacement z. The vertical deflection can then be converted into angular deflection φ using the simple trigonometric relationship between the radius of curvature of the bilayer beam R and the angular deflection φ. The radius of curvature R can be defined by
with the bilayer beam length l. The deflection magnitude along the z-axis of the bilayer then can be expressed as
According to theory (Eqs 1, 2), the width of the bilayer has no effect on the resulting curvature. However, as can be seen in Figure 8 , the post-release deflection magnitude of 500-μm-diameter actuators with cantilevers of equal lengths varied with beam width. This is likely due to the fact that Fig. 9 . Plot of the computed z-axis deflection magnitude in relation to the deflection angle for various beam lengths. the volume, and hence mass, of the magnetic plate was not the same for all devices. Instead, devices with shorter beams had more massive structural plates and magnetic elements.
The additional deflection on a curved beam due to the gravitational force on the magnetic microactuator mass z mass can be described as follows [27] :
with the mass of the structural layer and the magnet m t , the gravitational acceleration g, the elastic modulus of the composite beam E c , the cross sectional area of the beam A, the shear modulus G, and the moment of inertia I . The total deflection is then the sum of z bl and z mass . Figure 8 illustrates the total deflection as a function of various cantilever-beam widths for several beam lengths. Table II lists the percent difference between the measured and theoretical post-release deflection.
B. Static Response
The vertical deflections of the magnetic microactuators in response to applied static magnetic field were measured using the aforementioned microscope-based optical setup. The measured z-axis position was converted into deflection angle using Eqs. 5-6 ( Figure 9) .
The theoretical mechanics of flexure-based magnetic microactuator are well documented in literature [28] . In the presence of a magnetic field, the ferromagnetic element generates torque at the end of the bilayer cantilever and causes the device to deflect out of the plane. The deflection angle of the cantilever can be described by the following equation:
with angular rotation φ, magnet volume ν, induced magnetization vector M, applied magnetic field vector H , and the angular cantilever stiffness k φ . The angular stiffness of the cantilever beam is defined by [29] 
A plot of the measured and theoretical angular deflection of a cantilever design is shown in Figure 10 .
C. Dynamic Response a) Rayleigh-ritz approximation:
The dynamic response of a system with distributed mass, such as the one found in this work, can be estimated using the well-known Rayleigh-Ritz approximation [30] . This method uses the general principle of energy conservation, where the total energy remains constant in the system. Thus, the maximum kinetic energy W k and the maximum potential energy W e are equal.
The kinetic energy of a system is
with the density ρ, the mass m, and the velocity v. The velocity of our actuator can be found using a quasi-static beam displacement function w(x), which provides vertical displacement w as function of position along the beam x. The time dependent displacement function w(x, t) can be written as
with the time t. The maximum magnitude of velocity v max , which occurs when ωt = π/2 is then
Using v max , we can find the maximum kinetic energy for a unit length of the cantileverŴ k
We can then obtain the total kinetic energy by integratingŴ k over the volume of the beam
For our cantilever-based magnetic microactuator beam, the quasistatic displacement function w(x) is [29] 
with the applied force F, the beam length l b , the beam elastic modulus E, and the beam moment of inertia I . The device contains three separate mass components that contribute to the total kinetic energy: the beam, the structural plate, and the magnet. The kinetic energy from the beam is
with the density ρ b , the width w b , and the thickness t b of the beam. The kinetic energy from the structural plate is
with the density ρ sp and the volume v sp of the structural plate. The kinetic energy from the magnetic element is
with the density ρ mag and the volume v mag of the structural plate. The total kinetic energy is then
with the mass of the beam m b , the structural plate m sp , and the magnet m mag . The potential energy stored in the beam caused by the bending strain is
with the moment M(x) = F(l b − x). Integrating over the length of the beam, the total potential energy is then Finally, the primary resonant frequency of the system ω can be found by equating the maximum kinetic energy (Eq. 19) to the maximum potential energy (Eq. 21)
A Matlab (Mathworks, Natick, MA) program was used to facilitate evaluation of the primary resonant frequency for devices with various geometries. Using the parameters listed on Table III , the resonant frequency of a sample device was calculated to be approximately 53.7 Hz. b) Numerical analysis: The dynamic response of cantilever-based magnetic microactuators can also be simulated using a 3D COMSOL Multiphysics MEMS module (v3.5 COMSOL, Inc., Los Angeles, CA, USA). The frequency response analysis used the parameters shown on Table III , sweeping from 1 Hz to 1 kHz in frequency in 1-Hz increments. The resulting dynamic response for a sample device was used to confirm the analytical methods discussed previously and the experimental results. The primary resonant frequency of the sample device was found to be 52.9 Hz, which is in good agreement with the value approximated by the Rayleigh-Ritz methods.
c) Experimental results:
The dynamic response of a cantilever-based magnetic microactuator device and its corresponding FEM simulated plots are shown in Figure 11 . Although the relative amplitude of each resonant peak is different, the resonant frequencies correspond well with the predicted values. Table IV lists the resonant frequency values for the sample device shown in Figure 11 compared to the theoretical values predicted by two different methods. The value estimated by the Rayleigh-Ritz method is approximately 5.3% greater than measured. Since the quasi-static displacement function is only an approximation of the real eigenfunction, the result is typically higher than the actual resonant frequency [30] , [31] . However, the Rayleigh-Ritz method allows for faster estimation of the primary resonant frequency compared to COMSOL. Thus, we used this approximation to compare the resonant frequencies of various designs of magnetic microactuators with varying beam lengths and widths. Figure 12 illustrates the difference between measured versus theoretical values for devices with various beam geometry. As seen from the sample device, the measured primary resonant frequency corresponded well with the predicted value.
VI. CONCLUSIONS
Here we have reported on the fabrication results of cantilever-based unobstructing magnetic microactuators to be used for chronically implanted catheters. The ultimate goal of this research is to integrate MEMS-fabricated microdevices into ventricular catheters to improve hydrocephalus therapy by alleviating issues of CSF flow obstruction and by reducing the number of costly revision surgeries for hydrocephalus patients. The results indicate good control of beam deflection using a bimorph to ensure that the cantilever-based magnetic microactuator does not obstruct the catheter pore at its rest position compared to the torsional design (73% vs. 16%). Moreover, the static and dynamic responses of fabricated devices corresponded well with theory, suggesting good control of fabrication and device mechanics.
A major concern for the development of implantable magnetic microactuators is the potentially adverse impact of strong magnetic fields present in MRI systems. Previously, the torsional magnetic microactuators have been demonstrated to be robust enough to withstand up to 7 T MRI scanner [19] . Although cantilever-based microactuators do have greater ranges of motion than the torsional models, the resulting device movements are physically constrained by surrounding bulk and may easily be accommodated for mechanically, even in arbitrary strong uniform magnetic fields. For example, the cantilever beam described in Table III will experience 1.44 GPa of stress even when bent into a complete circle. Even if the device twists about the long axis of the cantilever due to shape anisotropy, the maximum rotation will be limited to <90°in a stationary patient, which results in a shear stress of 275 MPa for the same beam geometry [29] . These extreme static stress values are well below the 6-GPa fracture strength of LPCVD silicon nitride [24] .
The cantilever beam may also experience a compound motion due to changing magnetic-field direction or due to patient movements within the MR environment. Although quantifying the impact of complex static motions is not as straightforward, there are several design solutions that may alleviate potential robustness concerns. For example, a round soft ferromagnetic element may allow the magnetization direction to rotate readily regardless of the applied magnetic field direction to limit lateral and twisting actuation. Moreover, features such as fillets, multiple-beams, or wider-beams may reinforce structural integrity and prevent undesirable movements due to magnetic field orientation and patient movements. Nevertheless, additional experimental evaluations such as those performed for the torsional design [19] will also be necessary for cantilever-based magnetic microactuators to quantify potential MRI-interactions (i.e., mechanical robustness, RF-heating, and image artifacts).
Ultimately, the clinical efficacy of our MEMS devices in improving hydrocephalus therapy depends on their obstruction-removal capabilities. We are encouraged with our prior work that has demonstrated cell-removal capabilities of torsional magnetic microactuators in a static cell-culture environment [18] . With a greater range of actuation, we expect to see an improvement in cell-removal capabilities with cantilever-based magnetic microactuators. However, additional evaluations must taken into account the fact that implanted devices will be subjected to a continuous CSF flow through its pores. Therefore, our future plan includes in vitro evaluations in a circulating biofouling environment to demonstrate the cell-clearing capabilities of these new microdevices against inflammatory cells found in human CSF, which are thought to be responsible for obstructing the ventricular catheters.
